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Thermal detection based on the thermal shift of the resonant frequency of a bimetal resonator Al/Si
is presented and demonstrated. The bimetal oscillator with a tip is fabricated at the end of a
commercial silicon cantilever. The bimetal oscillator and the silicon cantilever have a resonance
frequency of 441 and 91 kHz, respectively, and the measured temperature coefficients of the
resonant frequency are −12710−6 /K and −11510−6 /K, respectively. It is demonstrated that
self-oscillated resonant frequency of the bimetal oscillator changes in response to heat from a
microheat source. Simultaneous measurements of topography and temperature profile with the
temperature resolution of 0.12 K on a glass substrate heated using a thin chromium film microheater
are successfully demonstrated. These results show potential abilities of the mechanical resonant
thermal sensor. © 2009 American Institute of Physics. DOI: 10.1063/1.3095680
I. INTRODUCTION
Scanning thermal microscope SThM has been devel-
oped for thermal imaging of a sample in nanoscale.1 The
probe of SThM employs normally a microfabricated thermo-
couple or thermistor at the end of the probe. The thermal
properties of a sample surface are detected from the change
in the thermal electromotive force or the change in the elec-
trical resistance of the sensor. Using a metal wire, thermal
image of an immiscible polymer blend was obtained by map-
ping the thermal conductivity.2 The temperature distribution
of electronic devices due to thermal diffusivity difference
was obtained using an Au–Ni thermocouple tip with a diam-
eter of 100–500 nm, a noise-equivalent spatial resolution
down to 10 nm and submillikelvin temperature sensitivity.3,4
The thermal imaging of electrically heated multiwall carbon-
nanotube circuit was achieved using the thermocouple tip
with a radius about 50 nm.5 The conventional SThM using
the thermocouple, as mentioned above, has high spatial and
temperature resolution in thermal conductivity and tempera-
ture distribution, but the detectable minimum heat flux is
limited due to thermal noise. The miniaturization of thermo-
couple improves the spatial resolution of SThM but results in
the increase in an electrical resistance of thermal junction,
which decreases the temperature resolution of thermocouple.
Also, it is reported that submicron spatial resolution is diffi-
cult to obtain using a SThM with a thermistor wire, accord-
ing to the reported references.6 Using noncontact thermal
microscope, such as infrared or optical microscope, we can
measure thermal distribution from the thermal radiant power
of the infrared from a sample without destructions. However,
it is known that commercially available infrared microscopes
have a spatial resolution of 3 m due to diffraction limit.
In this paper, we propose novel detection principle of
thermal imaging based on the temperature-dependent reso-
nant frequency shift of a bimetal oscillator capable of obtain-
ing the thermal image of soft samples such as a biological
sample including topographic profile without contact dam-
ages. The bimetal oscillator is formed at the end of a scan-
ning probe microscopy SPM probe. While the tip on the
bimetal oscillator periodically contacts with the sample for
the topographic imaging, heat exchange due to a temperature
difference between the sample and the tip causes temperature
change in the oscillator, which leads to thermal stress-
induced resonance frequency shift in the bimetal oscillator.
The vibration characteristics and temperature coefficients of
each resonant mode are evaluated. Thermal responses of two
self-oscillated resonant frequencies are observed using a
microheat source. Simultaneous measurements of topogra-
phy and temperature profile on a glass substrate heated using
a thin film microheater are successfully demonstrated.
II. DETECTION PRINCIPLE
Figure 1 shows the schematic illustration of the principle
for detecting local information on local temperature and to-
pography on a sample surface. Topography and infinitesimal
heat from a sample are measured using two mechanical reso-
nance modes of the probe. As shown in figure, a bimetal
Al/Si microresonator is integrated at the end of the silicon
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cantilever so that the probe has two flexural resonant modes
originated in the structure. One is the fundamental resonant
mode first mode where the silicon cantilever vibrates at the
fundamental flexural mode. The other is a resonant mode
second mode in which the bimetal resonator mainly
oscillates. In order to raise the temperature coefficient of
resonant frequency, an oscillator coated with aluminum,
which has large thermal expansion coefficient, is used as a
resonator. The first mode is used to detect the force between
tip and sample surface for topography imaging using tapping
mode of SPM. The second mode using the self-oscillated
bimetal resonator is used to detect heat on the basis of ther-
mal stress-induced resonance frequency changes originated
from large thermal expansion coefficient of the metal
layer.7–10 The self-oscillation of the second mode is caused
by the positive feedback from the optical displacement sen-
sor output to actuators via a gain and phase controller.11 Ac-
cording to the reference, since Lagowski et al.7 reported in
first the phenomenon that stiffness of microcantilever can be
changed by surface stress of cantilever and proposed a one-
dimensional model based on classical beam theory that
changes in strain-independent surface stress have effect on
the resonance frequency, there have been many arguments on
the relation between the surface stress and resonant fre-
quency shift of cantilever. In fact, Gurtin et al.12 showed that
strain-independent surface stress has no effect on the reso-
nance frequency of a thin microcantilever, and Sader13
showed it with a linear elasticity theory that differential sur-
face stress on a thin cantilever will not affect cantilever stiff-
ness. In this way, acceptable work, satisfying experimental
results exactly, has not being obtained yet remaining many
arguments unsolved. Recently, Lachut and Sader14 proposed
an idea, accounting for this phenomenon, that application of
a uniform in-plane surface stress to a thin cantilever is the
superposition of deformation of an unrestrained plate under
application of a surface stress and cantilever with no surface
stress load and a specified in-plane displacement at its
clamped end. Since the unrestrained plate under application
of a surface stress has zero net in-plane stress, flexural rigid-
ity of cantilever with a specified in-plane displacement at its
clamped end has only effect on the stiffness of thin cantile-
ver. According to this idea, they obtained the equation, com-
posed with a specified in-plane displacement caused by sur-
face stress, shown as below,

0
 − 0.042
1 − s
Eh  bLbh
2
,
where E and  are Young’s modulus and Poisson’s ratio. b,
L, and h are width, length, and thickness of cantilever, re-
spectively. s is surface stress applied on the thin cantilever.
From above idea, we can obtain the rigidity change in the
bimetal oscillator caused by thermal expansion mismatch of
bimetal layer, and then obtain the equation of a resonance
frequency change induced by thermal stress of the bimetal
layer. In this article, we point out to show heat measurement
principle experimentally using mechanical vibration of oscil-
lator, and the theoretical evaluation on the resonant fre-
quency shift in oscillator due to thermal stress-induced sur-
face stress is being prepared through quantitative evaluations
and more detailed experiments in a following report.
III. EXPERIMENTS
A. Dual oscillation of the probe
The probe with a bimetal resonator was fabricated by
partly etching a commercial SPM probe using focused ion
beam FIB. A 500-nm-thick Al layer is deposited on the top
side of probe using electron beam evaporation and partly
removed using FIB, as well. Figure 2 shows the magnified
scanning electron microscope SEM image of the fabricated
probe. The length, width, and thickness of the bimetal reso-
nator are 45, 8, and 2 m, respectively. The bimetal layer is
composed of the 1.5 m thick Si layer and 0.5 m thick Al
layer. Its mass and volume were approximately 210−9 g
and 0.7210−9 cm3, respectively. The length, width, and
thickness of the silicon cantilever are 180, 28, and 3 m,
respectively.
The vibration characteristics of the fabricated probe
were evaluated using laser Doppler vibrometer LDV under
atmospheric pressure. Measurement method for a resonator
vibration using LDV is described in detail elsewhere.15,16 In
FIG. 1. Color online Schematic illustration of heat detection using a me-
chanical resonance of a bimetal resonator with a tip at the end of the canti-
lever.
FIG. 2. SEM images of the fabricated probe with a bimetal resonator.
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this method, resonant frequencies are determined by detect-
ing vibrating displacement of cantilever to driving frequen-
cies with LDV, which measures a velocity of an object from
Doppler effect that occurs when laser reflects from a moving
target surface. Figure 3 exhibits the measured vibration char-
acteristics of the probe. First and second mode resonance
frequencies of the probe are 91 and 441 kHz, respectively,
and the quality factors of each resonance mode at ambient
atmosphere are 162 and 324, respectively.
Self-oscillations of two modes dual self-oscillation are
demonstrated as the experimental setup shown in Fig. 4. The
dual self-oscillation of the probe is caused by applying the
driving signals of first mode and second mode to ceramic
actuators using feedback loop circuits, in which the vibration
signal of the probe from LDV is filtered by bandpass filter
BPF near each resonant frequency, and then positively fed
back to the piezoactuator after the gain and phase controller.
As shown in Fig. 5, the dual oscillation of the probe can be
successfully caused where the self-oscillation frequencies are
measured using frequency counters with a signal integration
time of 1 s. Its short time standard deviations 3 of first
and second vibration mode are 0.5 and 22 Hz, respectively.
B. Thermomechanical characteristics of the
probe
Temperature coefficients of the resonant modes of the
probe were evaluated in vacuum. The probe was mounted on
a temperature-controllable Peltier stage in a vacuum cham-
ber. The probe was mechanically driven by a piezoactuator
placed near the probe, and the resonant frequencies of the
probe were measured using LDV. Figure 6 shows the mea-
sured resonant frequencies of first and second modes as a
function of temperature. The gradients of lines shown on
Fig. 6, representing the resonant frequency shifts per unit
temperature change, were 10.5 Hz/K in first mode and 56
Hz/K in second mode. When these values are compared to
each initial resonant frequency at 23 °C, 10.5 Hz/K corre-
sponds to 11510−6 /K for first mode resonant frequency
91 kHz and 56 Hz/K corresponds to 12710−6 /K for sec-
ond mode resonant frequency 441 kHz. From this experi-
ment, the temperature coefficient of second mode where the
bimetal resonator mainly vibrates was −12710−6 /K. The
temperature coefficient of first mode exhibits slightly smaller
value of −11510−6 /K than that of second mode. The Al
thin film with a large thermal expansion coefficient 22.4
10−6 /K is formed only on the oscillator; thus, the tem-
perature coefficient of the second mode is considered to be
higher than that of first mode. In addition, the Al deposition
makes the temperature coefficient of the resonant frequency
higher than known value of a silicon resonator −35
10−6 /K.17
The responses of two vibration modes to the pulsed heat
flux are measured. A boron-doped silicon microheater with a
length of approximately 10 m is placed near the end of the
cantilever at a distance of 5 m.18 The microheater is heated
up by flowing a current for a short time. During the local
heating, the resonant frequencies of the self-oscillated vibra-
tion of first and second modes were measured using the same
FIG. 3. Color online Vibration characteristics of the fabricated probe.
FIG. 4. Experimental setup for dual self-oscillation of the probe.
FIG. 5. Color online Self-oscillated resonant frequency variations of first
mode and second mode at the signal integration time of 1 s.
FIG. 6. Color online Measured resonant frequency of first and second
modes as a function of temperature.
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setup shown in Fig. 4. The frequencies were measured using
the frequency counters with a signal integration time of 1 s.
The heating power into the microheater was varied by chang-
ing the applied voltage to the microheater. Figure 7 shows
the thermal responses of the self-oscillation frequencies of
first and second modes under the applied power of 0.75 and
7 mW for few seconds. At the heater power of 0.75 mW, the
obvious resonant frequency shift in first mode was not ob-
served; however, at the second mode, 15 Hz 34 ppm of
the resonance frequency shift was observed. Value in the
parenthesis indicates ratio of resonant frequency shift to ini-
tial resonant frequency represented by unit of parts per mil-
lion. At a heater power of 7 mW, more large frequency shift
of 191 Hz 433 ppm was observed at the second mode,
and the oscillation of first mode also exhibits a frequency
shift of 8 Hz 85 ppm. This frequency shift of first mode
due to thermal expansion is considered to a change in effec-
tive spring constant of the cantilever, which corresponds to
0.0003 N/m from the calculation without mass change. From
Eq. 2.2 on the Ref. 10, if there is no mass change on the
cantilever, the variation in spring constant of cantilever can
be obtained from only the resonant frequency shift f / f
=1 /2k /k. The value of 0.0003 N/m corresponds to 176
ppm when compared to initial value of spring constant of
cantilever. The measured thermal response time of second
mode is 0.05 s, which is 14 times shorter than that of first
mode 0.70 s. When a heat flux flows from the end of the
probe for a short time, the temperature increase in the small
oscillator should be higher than that of the large cantilever
structure due to the small thermal capacitance of the small
oscillator. The increase in the temperature should be in-
versely proportional to the volume of the structure. If the
heat convection from the probe to ambient can be ignored,
heat conducts to the base supporting the cantilever via the
small oscillator, which creates the temperature gradient along
the cantilever. If the pulsed heat flux is short, the temperature
gradient on the probe becomes a maximum value at the front
end of the probe and linearly decreases to heat sink tempera-
ture at the support base.19 Thus, the sensitivity of the second
mode to the heat flux variation should be higher than that of
the first mode. These results show that the heat sensitivity
and thermal response of the second vibration mode is higher
than that of the first vibration mode. Therefore, this sensor
can be applied to thermal imaging using second vibration
mode sensitive to heat. Also the first vibration mode, which
is not sensitive to heat, can be employed for the topographic
imaging, as described next.
C. Topography and temperature profile imaging using
dual vibrations
The simultaneous detection of topography and thermal
profile on a sample surface was demonstrated using the dual
vibrations of the probe. As a test sample, a glass substrate
with a thin chromium film microheater with an electrical
resistivity of 80  was used. The length, thickness, and
width of the microheater are 1 mm, 100 nm, and 15 m,
respectively. The topography was obtained by a tapping
mode of SPM using first mode 91 kHz. Temperature profile
on the sample surface was obtained using the change in the
self-oscillation frequency at second mode 441 kHz. While
the tip on the bimetal oscillator periodically contacts with the
sample for the topographic imaging, heat exchange due to a
temperature difference between a sample and the tip causes
temperature change in the oscillator, which lead to thermal
stress-induced resonance frequency shift of the bimetal os-
cillator. Figure 8 shows the experimental setup for the detec-
tion of topography and temperature profile. For the self-
oscillation of the second mode, the vibration signal of the
probe measured by a displacement sensor was positively fed
back to a piezoactuator via BPFs, a comparator, and gain-
phase adjuster. The change in the self-oscillation frequency
of the second mode in response to temperature change was
detected by frequency modulation demodulator using a phase
lock loop circuit, which converted into the voltage signal for
the imaging of temperature profile. The dual vibration of
probe is conducted by adding two signals, i.e., the feedback
signal for the second mode and driving signal for the first
mode. Figure 9a shows the obtained topography of the sur-
face on the microheater using the first mode, and Figs. 9b
FIG. 7. Color online Thermal response of the self-oscillation frequencies of first and second modes. The probe is heated by a microheater placed near the
probe. Applied powers to the microheater are a 0.75 mW and b 7 mW.
033703-4 Kim, Ono, and Esashi Rev. Sci. Instrum. 80, 033703 2009
Downloaded 27 Sep 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
and 9c show the images of temperature profile using the
second mode without and with heating 0 V, 3.5 V, respec-
tively, where the bright area corresponds to high temperature
area and the dark area corresponds to low temperature area.
The resistive heater is placed along the left edge of the fig-
ures. As the thermal image without heater power is shown in
Fig. 9b, the second mode oscillation is influenced by the
metal pattern on the glass. However, at regions where there
are no metal patterns, it was not observed any other images
related to surface artifacts on the thermal image. Metal heat-
ers and glass on the sample surface have the different work
function energies to cause surface potential difference. These
potential offset among the probe tip and sample surfaces in-
duce electrostatic force, which is used for electrostatic force
microscopy or Kelvin Probe. The image in Fig. 9b is con-
sidered as the frequency shift in bimetal oscillator due to
electrostatic force caused by surface potential difference on
the glass and the metal surface. In Fig. 9c, temperature
gradient from the left to the right side of the figure is clearly
seen. From this experiment, the frequency fluctuation of the
second mode is approximately 7 Hz at 1 level, which cor-
responds to 16 ppm when compared to the resonance fre-
quency of 44l kHz. From this value and the temperature
coefficient of the second vibration mode −12710−6 /K,
temperature resolution of 0.12 K can be obtained.
Profiles of thermal signal in scanning with and without
heating were compared, as shown in Fig. 10. Output of the
thermal sensor is almost flat in the case that the heater is
turned off, as shown in Fig. 10b. In this case, frequency
shift by the surface potential difference between the metal
heater and the glass surface also occurred at the left side on
which the metal heater is placed. When the heater is turned
on with an application voltage of 10 V, temperature gradient
is formed, which is observed from the frequency variation, as
shown in Fig. 10c. This frequency difference of 43 Hz
corresponds to temperature difference of 0.8 °C from the
calculation based on the temperature coefficient of second
mode. In Fig. 10c, some large amount of frequency shift of
bimetal oscillator on the left side of figure where metal
heater located was observed. This frequency shift is due to
electrostatic force induced by the electric field from metal
heater with an electric potential of 10 V. This temperature
profile was compared to the profile obtained by the infrared
thermal microscope image as shown in Fig. 11, which shows
the temperature difference of 5 °C along the profile corre-
sponding to Fig. 10c. This value obtained by the infrared
thermal microscope is larger than that of the above experi-
ment. Since there is no input energy to thermal sensor during
the measurement except for vibration energy, the temperature
difference between the two results can be considered to re-
sult from low heat resolution of bimetal resonator. This low
heat resolution is presumed to originate in the low heat con-
FIG. 8. Color online Experimental setup for topography and temperature
profile on the glass substrate of microheater.
FIG. 9. Color online Measured topography and temperature profile image of the surface on the microheater. a Detected topography by first mode. b and
c Temperature profile images using second mode at the heater voltage of 0 and 3.5 V, respectively. Image sizes are 100100 m2.
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duction and contact resistance between the sample surface
and the tip of the bimetal resonator under tapping mode of
SPM. It is expected that a miniaturization of the bimetal
resonator with high heat conductance makes possible to in-
crease the heat resolution.
From this experiment, the simultaneous measurement of
topography and thermal profile on a heated glass surface was
demonstrated using dual vibration of the probe, which
showed potential abilities of the mechanical resonant thermal
sensor capable of obtaining the thermal image of soft
samples without contact damages. However, thermal reso-
lution of 0.12 K was obtained, which is 100 times larger
value in comparison with that of Au–Ni thermocouple type
SThM due to a large oscillator size.4 By miniaturization of
the bimetal resonator, further improvement in resolution and
sensitivity of temperature can be expected.
IV. CONCLUSION
A probe with a bimetal micro-oscillator, which detects
heat based on resonant frequency shift, has been presented
and demonstrated. The Al/Si bimetal oscillator is formed at
the end of a commercial cantilever using focused ion beam.
Due to the small mass of about 210−9 g, the bimetal os-
cillator is very sensitive to the heat. The measurement on
topography and infinitesimal heat from a sample employs
two mechanical resonance modes of the probe, in which tem-
perature coefficients were 115 and −12710−6 /K, respec-
tively. Using these modes, dual resonance of the probe was
tested, and the thermal responses of the self-oscillated reso-
nant frequency of the probe were observed in both modes
using a microheat source. Simultaneous measurements of to-
pography and temperature profile of a thin metal film micro-
heater on a glass substrate were demonstrated. Temperature
resolution of 0.12 K can be achieved from the noise floor.
These results show the potential ability of a mechanical reso-
nant thermal sensor.
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FIG. 10. Color online a Temperature profile image obtained while chang-
ing the heater voltage from 0 to 10 V. The microheater is placed along the
left edge of the figures. b Temperature gradient obtained during heater off
along with section A-A. c Temperature gradient obtained during heater
voltage of 10 V along with section B-B.
FIG. 11. Color online Temperature profile obtained by the infrared thermal
microscope.
033703-6 Kim, Ono, and Esashi Rev. Sci. Instrum. 80, 033703 2009
Downloaded 27 Sep 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
